The Plant Ontology Consortium (POC) (www.plantontology.org) is a collaborative effort among several plant databases and experts in plant systematics, botany and genomics. A primary goal of the POC is to develop simple yet robust and extensible controlled vocabularies that accurately reflect the biology of plant structures and developmental stages. These provide a network of vocabularies linked by relationships (ontology) to facilitate queries that cut across datasets within a database or between multiple databases. The current version of the ontology integrates diverse vocabularies used to describe Arabidopsis, maize and rice (Oryza sp.) anatomy, morphology and growth stages. Using the ontology browser, over 3500 gene annotations from three species-specific databases, The Arabidopsis Information Resource (TAIR) for Arabidopsis, Gramene for rice and MaizeGDB for maize, can now be queried and retrieved.
Introduction
The amount of information about genes and gene functions in flowering plants has increased dramatically with the full genome sequencing of Arabidopsis1 and rice (Oryza)6 and from the emerging sequences of Populus, Medicago, maize (Zea mays), and tomato (Solanum lycopersicum). This makes it increasingly important to describe and classify gene expression and phenotype information in ways that allow easy comparison. Biologists want to be able to use the information stored in disparate databases to ask biologically interesting questions. They want to know, for example, which genes or gene products contribute to the formation and development of the endosperm, what agronomically important genes contribute to delayed or early flowering, or what evidence there is that the Arabidopsis Gibberellin 3 β-hydroxylase (GA4 ) gene is expressed at the time of seed germination. Often researchers want to find gene products that have similar functions, phenotypes or expression profiles in different plants. To support this kind of research, databases organize and annotate information using controlled vocabularies that standardize descriptions of biological entities, Plant Ontology (PO) 389 such as genes, gene products, source materials used for EST libraries, microarray and proteomics experiments and phenotypes, in ways that enable a computer to search for and identify common features of all these data types in different species.
The Plant Ontology Consortium (POC: http:// www.plantontology.org) was formed to develop controlled vocabularies that could be used to generically describe plant anatomy, growth and developmental stages and to use those vocabularies to annotate various datasets from plant genomics and genetics projects11. The goal of the project is to construct a set of clearly defined vocabularies that can be used to construct queries in Gramene15, 16 , TAIR12 and MaizeGDB8, using a single common set of terms. It soon became apparent that such a set of terms would be a useful resource for the entire plant science community.
We initiated our work by integrating basic terms from three species-specific ontologies that had previously been developed for rice, maize and Arabidopsis by the Gramene15, MaizeGDB14 and TAIR3,12 databases, respectively. We are now extending this initial phase of work and introducing terms required by the families Solanaceae and Fabaceae. The vocabularies we have developed represent common concepts in plant biology and offer a unifying language that serves as a foundation for describing spatial and temporal aspects of flowering plant biology in a comparative context.
The use of ontological methods to organize biological knowledge is an active area of research and development2,10. The POC endeavours to develop cross-species vocabularies that can be used by plant databases and researchers to annotate data objects such as genes, gene products and phenotypes in a consistent way. The two ontologies under development are plant structure (anatomy, including morphology) and growth and development (temporal). This paper introduces the two ontologies and describes ways in which they are used and made available.
The Ontologies
The plant structure ontology is a controlled vocabulary of botanical terms describing the morphological and anatomical structures of plants. These structures include organs, tissues and cell types and relationships among them. Examples are 'stamen', 'ovule', 'petal', 'parenchyma', 'guard cell', etc. The structure ontology does not include attributes (or characters) of the structural components, e.g. the term 'ovary' is included but whether the ovary is superior and inferior is not described. The structure ontology also does not include subcellular structures, which are covered by the cellular component domain of the Gene Ontology (GO)5.
The plant growth and development (temporal) ontology describes morphological and anatomical landmarks that define various stages of a plant's life cycle (growth stages) and plant structures (developmental stages). Examples are 'vegetative stage', 'reproductive stage', 'germination', etc. Detailed descriptions of the ontologies and their organizing principles will be presented elsewhere.
PO is the only controlled vocabulary that is available in the ontology format to the flowering plant researchers and databases for use in the annotation of gene and phenotype expression datasets. Unlike the many plant vocabularies and glossaries that are organized either as a list of terms or sometimes in a simple hierarchy, where specific terms are structured as children of more general (parent) terms (Figure 1a) , the PO terms are organized hierarchically, such that one child can have more than one parent (Figure 1b) . For example, the plant structure term 'trichoblast', has two parents, 'cell' and 'root epidermis'. This is because a 'trichoblast' is a type of 'cell', and is part of 'root epidermis'. Compared to the simple hierarchies described in Figure 1a , where there are no defined relationships among terms, in the PO three types of relationships were introduced to link a child term to a parent term (Figure 1b) , thus creating a network of botanical terms depicting the morphological and developmental complexity of plants. The relationships are: (1) 'part of', indicating a composition or constituency relationship, e.g. 'root hair' is a part of 'root epidermis'; (2) 'is a', indicating a generalization relationship where a child term is a type of a parent term; e.g. 'root hair' is a 'cell'; and (3) 'develops from', indicating a derivation relationship where a child is derived from the parent; e.g. 'root hair' develops from 'trichoblast'. Thus, when any gene is annotated as expressed in a trichoblast, e.g. Arabidopsis thaliana gene ADL1C, a member of the 68 kDa dynamin-like protein family7, it is automatically associated with both of the parent terms, 'cell' and 'root epidermis' The parent and child term organization in the plant ontologies. In this example, a 'trichoblast' is a type of 'cell' and 'cell' is a 'plant structure'. Similarly, 'root hair' is a type of 'cell', is part of 'root epidermis' and develops from 'trichoblast'. The blue lines are for 'is a', green for 'part of' and red for 'develops from' relationships. Arrows indicate a directional path; those with dotted lines depict the directional path along which the associations are accumulated by parent(s) from the children terms. The diamond-and pentagon-shaped icons depict the cell type-specific expression based association of cow1 and ADL1C Arabidopsis genes, respectively. The associations are not propagated to parent terms if the 'develops from' relationship is encountered, e.g. 'cow1' does not show up with 'trichoblast' when the associations are acquired from children terms. However, the associations acquired by the parent terms are allowed if the relationship with their children terms are 'is a' and 'part of', e.g. both 'cow1' and 'ADL1C' show up with parent terms such as 'root epidermis' and 'cell'. In this figure not all the parent terms of a child are shown
Plant Ontology (PO)

391
( Figure 1b) . A query to retrieve all genes expressed in 'root epidermis' will then automatically retrieve gene annotations to 'trichoblast' without having to annotate the gene explicitly to 'root epidermis'; the connection between the more specific (child) term and more general (parent) term is produced automatically by the ontology. However, annotations do not propagate upwards through the hierarchy if the 'develops from' relationship is encountered, because the derivation does not assure that the gene expressed in a child term is also expressed in the parent structure. For example, Arabidopsis thaliana gene can of worms1 (cow1 )4, a phosphatidylinositol transfer protein essential for root hair tip growth that is annotated to the term 'root hair', can be retrieved by its parents, 'cell' and 'root epidermis', but not by 'trichoblast' (Figure 1b ) because it can be said to be expressed in the cell and in root epidermis if it is expressed in a type of cell or a part of root epidermis. However, this gene cannot be said to be expressed in the trichoblast because the expression in a derived cell does not guarantee its expression in the progenitor cell. This allows the user to query the associations to find all the genes that are expressed in 'root hair' but not in 'trichoblast', or find all the genes that are expressed in 'root epidermis' but not in 'trichoblast'. However, this will require the researchers and database curators to annotate the genes and other data objects appropriately, by making sure that the association is specific to the derived structure only and provide additional annotation if it is true for the progenitor structure as well. The design of the ontologies also follows a True Path Rule (TPR). According to this, the pathway from a child term to its top-level parent(s) must always be true.
Every term in the plant structure and growth and development ontologies is identified by a unique identifier or Accession No. All terms in the PO are associated with a definition that concisely describes the meaning and context of the term and is linked to source reference(s). Whenever possible, we use internationally accepted definitions obtained from plant biology text books, journal articles and other expert sources. When a published definition is unavailable, one is written by the PO curators.
Most terms in the PO have synonym(s), which indicate alternative names. The extensive use of synonyms is critical for cross-species ontology, because the same botanical structure is often called by a different name in different species. For example, the inflorescence in rice (Oryza) is called a 'panicle', whereas it is called a 'cob' and 'spike' in sorghum and in Triticeae (wheat, oat and barley), respectively. Synonyms may have their own references.
In some cases the sensu (in the sense of) qualifier is used along with the taxonomic name to make the application of the term more precise. A good example of this is the incomplete flower of Poaceae, which is called a 'floret'. Similar structures in the Asteraceae that are called florets are quite different in organization and it would be a mistake to conflate them; therefore it is best to create two terms, 'floret sensu Poaceae' and 'floret sensu Asteraceae'. The standard format for this is 'term (sensu taxon)', e.g. floret (sensu Poaceae) and floret (sensu Asteraceae).
Comparison to other ontologies
A number of anatomy and temporal ontologies are available on the OBO website10. Except for PO and GO, the majority of these ontologies are designed specifically for one organism. All of the anatomy and temporal ontologies use the same relationship types as PO ('is a', 'part of', and 'develops from'). Also, synonymy is used in all ontologies. PO is designed to cover the plant structures and growth stages of multiple species representing the taxon Angiosperm (flowering plants) and GO5 is designed to describe molecular function, biological process and cellular component of all species. In GO, there are cases where a term may have different meanings when applied to different organisms. For example, 'gametogenesis' in plants is very different from 'gametogenesis' in metazoans. Such terms are distinguished from one another by their human readable definitions and by the sensu designation in the term name, as in the term 'gametogenesis (sensu Magnoliophyta)' and 'gametogenesis (sensu Metazoa)'. In PO, the sensu designations are currently being used to distinguish between two homologous plant structures with the same name, which are morphologically distinct and have different component parts (children terms) in different taxons. In addition to the sensu terms, the PO also has taxon-specific terms that do not require the sensu designation. Such terms are often part of a sub-tree that is generated by adding children terms as subtypes of parent terms, e.g. 'tassel', the male inflorescence in maize (Zea mays), is a subtype of a generic 'inflorescence' term because it is functionally and structurally monoecious (imperfect unisexual flowers present on the same plant). Although 'tassel' is specific for Zea mays, it does not appear anywhere in the ontology as either a homologous, analogous or a generic plant structure term, therefore the term 'tassel (sensu Zea mays)' is not required.
Maintenance and consistency checks
Changes to the ontologies, such as addition and modification of terms, need to be approved by the ontology curators prior to committing them to the ontology files and the database. During this process, a term may be removed from the active ontology but it is not deleted from the ontology files; rather, it is tagged 'obsolete'. A term is not made obsolete if a change in the term name or its definition does not alter the meaning of the term. When a term name or the definition changes significantly, such that it alters the meaning of the term, it is assigned a new PO ID and the old ID is considered obsolete. In the ontology browser, an obsoleted term becomes a child of the obsolete node. Obsolete terms are identified in the OBO format flat file by the 'is obsolete: true' tag12. In addition, when a term is marked obsolete, the word 'OBSOLETE.' is inserted at the beginning of the term definition and a comment is added to explain why the term has become obsolete. It may also suggest alternative terms to use for annotation.
Each term in the PO is a unique subtype of either the plant structure or the plant growth and development ontologies, and terms are not shared between the two ontologies. Each term must have a parent with 'is a' relationship. This rule mandates that, for example, every term in the plant structure ontology 'is a' plant structure. For consistency and integrity checks, we use the 'Obol' tool9, which is designed to search for missing 'is a' relationships and suggest the putative parent terms with 'is a' relationships. Upon finding such inconsistencies in the existing ontologies, the group validates the results, and the terms are then assigned appropriate parent terms with 'is a' relationships.
More information on the Obol results is available at http://www.fruitfly.org/∼cjm/obol/pong/.
POC Resources
Ontology browser
The Plant Ontology browser is available at http:// www.plantontology.org/amigo/go.cgi. This is a web-based tool for searching and browsing ontologies and their associations to data. It has been developed by the GO consortium (http://www. geneontology.org/GO.tools.shtml#in house) and modified to suit our needs. To browse, clicking on the [+] sign in front of the term expands the tree to show children terms (Figure 2 ). This view provides information on the PO ID of the term, term name, followed by a number of associated data, such as genes. For every green-coloured parent term, a summary of the data associated to its children terms is presented as a pie chart. The user has an option to filter the number of associated data displayed, based on species, data sources and evidence codes. The icons for [i], [p] and [d] suggest the relationship types between the parent and child term, as described in the legend. While browsing, a user can click on the term name to get the details at any time (Figure 3b) In addition to the browse utility, users may search by entering the name of a term or a gene, e.g. querying with 'gametophyte' results in seven terms, of which three are from the plant structure ontology and four are from the growth and development ontology. To avoid getting a large list, users may choose the 'exact match' option before submitting the query. A search for 'gametophyte' choosing 'exact match' gives one result (Figure 3a) . A user may browse the parents and children of this term by clicking on the blue-coloured tree icon and following the [+] sign next to the term name, which suggests that there are additional terms under this term (Figure 3b ), or simply clicking on the term name 'gametophyte' for more details. The term detail page provides information on the ID, aspect (plant structure or growth and development), synonyms (if any), definition, external references (if any) and the associated data. The association section allows a user to select the annotation source, species and the evidence code used to make the annotation to limit the data displayed. The list of associated data Figure 2 . A view of the ontologies using the plant ontology (PO) browser. Users can go to the website (www.plantontology.org) and click on 'search/browse plant ontology' from the navigation bar menu. On the ontology browser page, the two options are to search or browse. For searching, type the term name, e.g. 'gametophyte', and select the 'term' option or type the gene name, e.g. 'Du8', and select the 'gene symbol/name' option before clicking the submit button. For a gene search, there are additional 'gene product filters' options to chose from. If you are browsing, simply click on the [+] icon before the term name, which will expand the tree by opening the children terms. The PO ID is the term's Accession No., and the number followed by the term name is the total number of associations to the genes a term has; this number will change depending on the gene product filter a user may have chosen. Users can also get a pie chart showing the distribution of data associations to a term's children term. In this figure, the general level (top level) terms in the plant structure and growth and development ontologies are displayed using the browse option gives information about the name, symbol, type (e.g. gene), the annotation source and the species, in addition to the evidence used for making the association to the term. The gene symbol provides a hyperlink to the gene detail page, and the data source links to the same entry on the provider's website. This allows a user to search for extended details that may not be provided in the POC database, such as information on genome location, biochemical characterization, etc. The evidence code, such as inferred by mutant phenotype (IMP) or inferred by direct analyses (IDA), links to the citation used in inferring the gene's association to the plant ontology term. A complete list of evidence codes with a list of experiment types can be found at http://www.plantontology.org/docs/otherdocs/ evidence codes.html. For help at any time, users can click on the 'help' menu at the bottom of the browser page or visit the link, http://www. plantontology.org/amigo/docs/user guide/index. html.
Tutorials
We encourage the use of plant ontologies by both the plant databases and individual researchers. A set of tutorials can be viewed or downloaded from http://www.plantontology.org/docs/otherdocs/ tutorials.html. These tutorials include a quick tour of the PO website and how to use the ontology browser to search and browse the ontologies and associated data.
Downloads
The vocabularies, annotations, mappings and the database are in the public domain and are readily accessible via instructions provided on the The ontology database and data access software have been developed by the Gene Ontology Consortium (http://www.godatabase.org/dev/ database/) and consist of a MySQL database of ontologies and associations, a Perl object model and Application Programmer Interface (API) to simplify database access. The database is released monthly. The schema represents generic graphs, including the PO structure (a directed acyclic graph, or DAG) relationally. At the core of the schema are two relational tables for capturing all terms and relationships between the terms. The full version of the ontology database in MySQL described above can be downloaded for local use. The POC ontologies are also available in OBO (Open Biological Ontology) flat file formats13, which are frequently updated.
Mappings to other vocabularies
Individual databases wishing to use the PO may choose to retire their own plant structure and growth stage vocabularies and convert to using the PO. To help such users perform the conversion, the development and use of mapping files is recommended to help with the transition. Speciesspecific databases may wish to adopt a dual option during a transitional period, whereby they provide side-by-side PO and species-specific vocabularies to encourage users to familiarize themselves with the new terms. More information about the usage and format of mapping files are found online (http://www.geneontology.org/GO.format.shtml #mappings).
Data associations
Member databases of the POC submit data associations to PO terms to the POC website. This allows researchers to quickly and easily obtain Arabidopsis, rice, and maize genes and other data objects associated to terms on the basis of the gene expression patterns or phenotypes. An example (http://www.plantontology.org/amigo/go.cgi? view=details&show associations=terms&search constraint=terms&depth=0&query=PO: 0009046), shows the genes from Arabidopsis, rice, and maize that are annotated to 'flower' (PO:0009046). Hypertext links allow researchers to browse the source databases to obtain additional information about the listed genes. Presenting gene associations on the POC website demonstrates the utility of the ontologies, and also provides a valuable tool for researchers performing comparative genomics. As circumstances warrant, we will add other types of associations, such as microarray and proteomics results, mutant stocks and QTL phenotypes, and gene associations from other databases and organisms. We encourage submission of data associations to PO terms from any interested database or researcher. A suggested association file format that can be accessed at http://www.plantontology.org/docs/otherdocs/ assoc-file-format.html. This includes information on the source, ID, object type (e.g. gene), references or citations, and evidence used for making the association.
Collaborations and community inputs
We wish to increase membership and extend the usage of PO to the broader plant community. Already, a large number of collaborators have shown interest or have already started using the PO to annotate their datasets, as listed in Table 1 . With recent initiatives on creating genomic and functional resources for several other species (Table 1) , we anticipate that the current set of vocabularies will require the addition of new terms, synonyms and definitions as well as modifications to the structure. Accomplishing this requires consultation with anatomy and development experts and different research user communities. We encourage databases and individual researchers to contact us if they are suggesting new terms, modification of existing definition(s), term-to-term relationships or even interested in joining the POC by sending an e-mail to: po-dev@plantontology.org. More information about joining POC can be found online: http://www.plantontology.org/docs/otherdocs/ charter.html.
Future directions
Our current and near-future development efforts are focused on the introduction of species-specific terms into the PO to accommodate annotations from legumes (Medicago and soybean), Solanaceae (tomato), poplar (Populus) and Triticeae (wheat,
